
March 1965 Walter H .  Hoecker 1 3 3  
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ABSTRACT 

Wind dat:L from  the  central five stations of the 1961 Weather  Bnreau  boulldary-layer-jet research pibal line arc 
space-avcragcd as point  data. In this  form  the  information is compatible  with  other  boundary-layer wind analyses 
made  from  composites of scveral  points.  Particular  attention is paid  to  diurnal  changes of jet  speed,  to  Richardson 
numbers,  and  to  inertial oscillations. Comparisons  relative to  thc  above  items are made  with  two  serial-data  jet 
systems,  as well as  with  theoretical models, and  some  similarities  are  found.  Relationships  among  the  jet,  the 
geostrophic  wind,  and  thcrmal wind arc  shoxn. Thc hodograph  patterns  for a jet  with a surface inversion  differ 
markedly  from a jet  imbedded in a  temperature  lapse. A certain  combination of currently  forccastable metcorologicnl 
variables seems to be optimal  for  the  development of the  jet  after  sunset. 

1. INTRODUCTION 

I n  an etLrlier paper [5]  the  detailed  time  and  spr~ce 
characteristics of three  southerly  boundmy-layer  jet 
systems,  over  the  Western  Plains  between Amarillo, Tex., 
and Little  Rock,  Ark., were  described by  means of hourly 
isotach  cross-sections.  Since most  previous  jet  analyses 
were performed  with  point  data  or were  space  averages 
of several  adjacent  points, [1] and [SI for  example, data 
from the five  special p ibd  research  stations  centered on 
Oklahoma  City were  space-averaged so that conlpnrisons 
could be  made  with  previous  analyses.  The  portions of 
the pibal observatio~d  l ine selected  had  the  advantage of 
being  in  the  most  persistent  jet region  for the cases  ex- 
amined  and  had  the  Oklahomn  City  RAOB  station a t  
the  center. 

By  way of explanation,  the  three cases  selected  were 
the only  ones,  from  a total of five observations,  for which 
low-level southerly  jets  developed.  Because of the small 
number o f  observations, it would  seem thtLt time  averages 
would not be practicable.  The representtbtiveness of the 
conditions  producing the  jets,  and  that of the  jets  them- 
selves, is not  known.  Theory,  p&icularly Wexler's [9], 
predicts thtLt a boundary-layer  jet will form when the 
Bermuda  High  extends  westward  into  the  Southern  Phins 
and provides air flow from  southerly lwtitudes into  the 
south-centrd  United  States.  Jets were found  to  exist 
for all  three  observations  with  southerly flow more  or 
less as theory  predicted.  The  Weilther  Bureau's  National 
Severe  Storms  Project,  which  operated  the  research  pibal 
line,  selected the  dates  for  the  observations,  on  the  basis 
of criteria  suggested by  the  late  Dr.  Harry Wexler. 

Since the  terrain  around  Oklahoma  City is quite  smooth, 
observations  from  the  four  stations  in  the  rough-country 
region from  Little  Rock to Fort  Smith were  also analyzed 
to reveal  contrasts  between  the  jet  characteristics  over 
rough  country  and  over  smooth  plains. 

TABLE 1.-Special  pibal  network  stations, code designations,  and 
locations 

Station Codc 

Shawnee, Okla 

\Varner, Okla 
Okcmah, Okla _.......____.. 

Blue Mountain,  Ark 
Fort Smith, Ark ..__._........ .~ 

Fourchc  Junction,  Ark 
Little  Hock,  Ark 

Locat.ion 

0 ,  

35  14  101 42 
N. I\$'. 

35 13 100 44 
35 13 99 53 
35 17.5 99 08 
35 39 98 21 

35 22 96 56 
35 24 97 36 

35 26 96 19 
35 30 95 I7  
35 20 94 22 

34 44 92 14 
34 51.5 93 09 
35 07 93 42.5 

Elevation 
(meters) 

1,098 

631 

454 
576 

3'J2 
33 I 
2 i 5  
l i 5  

129.5 
141 

134 
81 

910 

The locations of the  observation  stations  are  shown in 
figure 1 ,  and  the  stations  are  identified  in  table 1. The 
topography  in  Arkansas is obviously  rougher  than  it is 
in central  Oklahoma. 

2. WIND  DISTRIBUTION IN THE  VERTICAL 

Graphs of wind speed  distribution  with  height were 
constructed  for  the  three cases under  stndy  to  reveal  the 
time  changes of the  wind profiles. An intervd of 2 hr. 
between  graphs was estimated  to  be close enough  to  secure 
essential  details.  Individutd case  discussions follow. 

APRIL  22-23, 1961 

The  average  vertical wind  speed  structure  for  the 
approximately  middle  one-third of the pibal  line  (average 
of 5 simultaneous  pibal  runs)  for  the  observationtd period 
1600 CST, April 22 to 1400 CST, April 23, 1961, is shown 
for  every 2 hr.  in figure 2. Thick lines are  total wind 
speed  while thin lines represent  the  southerly  components. 
Where  the lines  merge the  southerly  component  is  the 
total  wind.  The  southerly  components  are  included  to 
represent  the  southerly-component  jets  described  in [5]. 
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FIGURE 1.-The spccial  Weather  Bureau  boundary-layer-jet  rescarch  pibal  observational linc. Station  identification code  is listed  in 
tablc 1. 
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FIGURE 2.-Height vs.  speed  graphs for the  boundary-layer  jct  for 1600 CST, April 22 to  1400 CST, April 23, 1961. The  thick  curves  represent 
thc  total  wind  speed while the  thin  lincs  show  the  southerly  component  speed.  The  vertical  tempcraturc  structurc  is  shown a t  synoptic 
times  and  the  surface  tempcrature ("C.) is  indicated  ncar  the  bottom of thc  temperature  sounding  linc;  the mind speed  scale  also  serves 
as  the  temperature  scale  with 5' C. per  interval.  The  dashed  thin  line  shows  the  slopc of constant  potential  tempcrature.  The short 
vertical  lines  ncar  the  symbols V, show the sea lcvcl and 850-mb. gcostrophic  wind  spccd. 

At  the  outset  the  reader is to  note  that surfa,ce  winds  are a t  1800, 0000, 0600, and 1200 CST. Sunrise  and  sunset 
observers'  estimates  since  the  observational  facility  did times  are also shown.  Referring to  figure 2 ,  which  begins 
not  provide  surface  wind  equipment.  The  magnitudes a t  1600 CST, one sees the  development of a jet-like  profile 
of the  sea  level  and  850-mb.  geostrophic  wind  vectors  are as time  proceeded  into  the 11ours of darkness.  The  jet 
shown at  synoptic  map  times  and  are  labeled as Vg; the profile of the  total  wind  disappeared  after 0400 CST on 
vertical  thermal  structure for Oklahoma City is shown the 23d, but  the  southerly-component profile retained 

1 The 0000 and 1200 CST observations  actually  came from Tinker AFB, a  few  miles 
the  shape of a jet  throughont  the  period. In  the  hours 

from  the  Weather Bureau release  point. between 0200 and 0600 CST the  southerly-component  jet 
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FIGURE 3.-Height vs. speed  graphs for the boundary-layer  jet for 0000 CST to  2200 CST, May 28, 1961. For details, see  legend  for  figure 2.  
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FIGURE 4.-Height vs. speed  graphs  for  the  boundary-layer  jet  for 0000 CST to  2200 C'ST, May 30, 1961. For details,  see  legend for figure 2. 
B63-l'i6-65"2 
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FIGURE 5.-Ileight vs. spccd  graphs  for  the  boundary-layer  jet for 0000 CST to 2200 CBT, May 28, 1961, for the “Rough  Terrain”  portion 
of the jet-research  pibal line. For details, see legend  for figure 2.  

nose  was much lower in elevation  than  the  total-wind  jet 
nose. The  height of neither  the  total  nor  the  southerly- 
component  jet nose  seemed  to  have  any  spatial  rel‘ <L t‘ Ion- 
ship  with  the  thermal  st,ratificntion. It is worthy of 
mention,  however,  that  a  jet  system  did  form  even  though 
lapse  conditions  prevailed  from  the  ground  upward  to 
varying  heights.  A  jet  during  lapse  conditions was also 
observed  by  Smith  and Wolf [SI. 

MAY 28,1961 

Figure 3 shows the wind-speed  graphs  for  the  period 
0000 to  2200 CST, May 28, 1961. A basic diff- arence 
between this  observation  and  that  for April  was the 
formation of the  nocturnal  surface  inversion.  Such 
inversions  have  the effect ol’ considerably  decreasing 
surface  friction. In  this  observation,  the  southerly- 
component  and  total-wind  jet noses  were sharper  than 
in  the  April case. This is to  be expected  with  surface- 
layer  stability.  The  separation  in  speed of the  total  and 
southerly  components  above  about 250 m.,   up  to 1000 
CST, was smaller  in  magnitude  than  for  the  April case. 
Prom 1200 through 1600 CST when turbulent exchange 
was high,  speed  separation  was  minimal.  Again  there 
was  little  apparent  relationship  between  the  height of 
t,he jet nose and  thermal  stratification.  The  maximum 
real  wind  speed  in  the  boundary  layer was subgeostrophic 
a t  1200 and 1800 CST, and  considerably  supergeostrophic 
a t  0000 and 2200 CST. 

M A Y  30,1961 

Figure 4 shows  t*he  wind  speed  versus  height  for the 
period 0000 to 2200 CST, May 30, 1961. This case, 
like May 26, had the nocturnal surface inversion.  The 
period  began  with  a  strong  jet profile thgt  lasted  through 
0800 CST. The jet, was somewhat  supergeostrophic a t  
0000 CST on  the  30th,  but  subgeostrophic a,t 0600 CST 

since the geost,rophic  wind  increased  in the  period.  The 
jet wzs again  evident by 1800 CST and w%s strongly 
supergeostrophic  at 2200 CST, partly because the geo- 
strophic  wind  decreased  markedly  after 1200 CST. The 
jet nose remained  near 300 m. elevation  for  the  early 
part of the  day  but  formed m d  remained a t  500 m .  in 
the  evening  hours. The nose \vas just  at  the  top of the 
stable  layer  at 0000 CST on the  30th)  but was above  the 
stable  lzyer  at 2200 CST.  Note  the  strong  retardation 
of the  real  wind  at 1200 CST. The difference between 
the  total  and  southerly-component  wind was much less 
than  for  either of the ot,her  observational  periods. For 
the  three  observations  considered  here,  the jet, system 
was  more  pronounced  and lower in  elevation on  those 
nights  with  surface  inversions  than  it  was  on  the  night 
with  lapse  conditions  in  the  lowest  few  hundred  msters. 

The  times of Oklahoma  City  sunset  and  sunrise  have 
been  given  in  these figures to  show  that  these  jet  systems 
can begin forming before sunset  and  can  continue well 
past sunrise. 
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FIGURE G.--RiIcan wind profiles for  lapse (solid lillc:) and  inversion  (dashed line) conditions for a rcgioll south of Fort  Worth, Tcx. and aboub 
250 miles directly south of the Weather  Bureau  research  pibal line. (From  Smith  and Wolf [SI). 

MAY 28, 1961, ROUGH TERRAIN 
r ,  lhere  has been n minimum of investig;ltion of the 

boundary-layer  jet  for :we:Ls other t l lm tlle Great  Plains. 
Since  tlle  Weather BuretLu Specid  Pibd :Line extended 
eastward  into hilly w d  nmuntainous  country, it was 
thought  appropriate to compare  the  jet  rewtion  there to 
that over  the  Plains. T o  assess this effect the wind 
speed  distributions of the four stations ft-om Little  Rock 
to Fort  Smith inclusive :we presented  in figure 5 .  Wind 
speeds ;Lveraged much less than for the  center of the  line, 
but  average  pressure  gradients were likewise  snlaller on the 
eastern  third of the  line.  However, the bourld:wy-hyer 
jet,  though  weaker,  reacted in mucll the sa.me manner as 
it did in the  center of the  line.  The  jet nose rzlnged from 
500 to 700 m. nbove the level of the gro11nc1, son~e~vh :~ t  
higher  tlmn  for the  center of the line  for  the  same  period. 
It is  suggested that the roughness  characteristics of the 
eastern  portion of the line  lifted the elevation of the  jet 
speed lntLxinlurn becliuse of increased frictiond drag with 
the  ground. 

Figure 6  shows, for comptwison, profiles of spnce-nver- 
tLged speed (13 stations) versus height f o r  t,wo boundary- 
layer  wind  jets  in an areti between Fort Worth and Fort 
Hood, Tex., from a study  by  Smith nnd Wolf [SI. Their 
results are rather difficult  to  compare  with  those of the 
Wetither  Bureau  investigation  since tlle zLutlwrs gave 
geostrophic  wind vdues as averages over  the  period of 
observntion.  Maximum  speeds were not 11s high, how- 

ever, suggesting weaiker pressure  grndients. In figure G ,  
the  jet nose formed at   about 500 nl. elevt~tio~l for the lapse 
case (their  test 3) :~nd 250 111. for the inversion cttse (their 
test S) but  both lifted  to new 600 m .  by 0600 LST. There 
W:LS not  the  marked  difference in wind  speed profiles 
between  stable and unst:Lble cases as noted  in  the  Weather 
Bureau  study.  Nevertheless,  their  results were  generally 
similar  to  those of this  study even tllough their observa- 
tionnl  area was about 210 mi.  south of tlle Weather 
Burew  pibal line. 

3. VARIATION OF VECTOR  VERTICAL  WIND  SHEAR 
AND  RICHARDSON  NUMBERS 

Verticd wind shear wl~s examined for  the  three  observa- 
t i o l d  periods particu1:wly during  the  stnbilixing  hours 
of darkness. Compitrison of the  amollnt o f  vertical shew 
srlpported by  the :Ltmosphere in  the 0kl:Lhoma City 
:Lre:i was made  with that of n similar  strldy  by  Smith m d  
Wolf [SI, mentioned  earlier. R i c h d s o n  numbers arc 
cc.)nlp:Lred with  those foulld in [SI :~nd other studies. 
S1le:ir was computed over relatively 1:Lrge height dif- 
ferences so the values  probably are not as large as they 
might have been using  snlaller  height  intervdls. Values of 
verticttl shear are shown in  table 2 for height  intervals 
below the  jet nose. As expected,  shear \ d u e s  decreased 
with  height for the inversion cases, :ind :Lveraged gre:Lter 
for the inversion cmes (May 28 and 30) than for the 
lapse case. They were  lower  for the rough terrain area. 
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TABLE Z.--Con~parison o j  Richardson number (Ri )  a d ,  shear  values (in m i l s  of see.-' X 103) 

315-513 _.___....__ 25 0.31 45 0.11 
0-315 .---.--...-.. 42 . li 1 29 

0.20 30.5 0.21 

May 28, 1961 Smooth Terrain 

315-513 ___._.._... 

26 .48 I 38 
0-315 _..___.._..__ GB . l(i i4   .15  

I I 

I M a y  30, 1961 Smooth Tcrrsin 

I May 28, 1961 Rough Terrain** 

315-513 _____._.... 
0-315 _____...._.._ 

'EXClUdCS large Ri (G.28) a t  O(i00 CST &lay 30. 

Comparison of shear values from TVetLther Bureau dtlt,a 
with  those  reported  by  Smith  and Wolf [SI for similar 
terrnin was not  equitable since  they used smaller  height 
intervds  and  did  not  report  the  geostrophic wind a t  spe- 
cific times.  However,  table 3 compares  their  lowest 
two  levels  with the Weather  Buretw lowest  level  for 
maximum  nighttime  \dues  in  both ltkpse and inversion 
conditions.  Shear values averaged  higher for inversion 
conditions for [SI but  the  Weather Burem dtlta had greater 
separation  for  the \ d u e s  between hpse nnd inversion 
conditions. 

Richa,rdson  numbers were computed  from 

where RAOB d a h  were  available,  for  comparison  between 
hpse  and inversion  conditions and for  smooth and rough 
terrain.  Vdues tire shown  in figures 2, 3,  4, and 5 ,  in 
the  height  inter\&  they  represent  nnd  dso in table 3. 
'.hble 2 shows t h t  Richardson  numbers uvernged  lower 
over  smooth  terrain  but  not lower in inversion  conditions 
as compared  to  lupse  conditions.  However,  the  lowest 
vdue,  0.10, did  occur  under  inversion  conditions a t  0000 
CST, May 30. Smaller vnlues of d 0 / &  in  the  numerator 
o f  equation (1) esplnin  the  lower  Richmdson  nunlbers 
for the  lapse case. 

Much  work h:ts been  done in trying  to find a criticd 

TABLE 3.-Comparison of maxi~n~cna nigh,ttinze sheal  values (units arc 
set." X lo3) 

Weather 
Bureau 

Slr~ith and Wclf [8] 

" 

0-364 ft. Average 180-540 ft.  8-180 I t .  
"______ __- 

Lapse  Conditions _....___.._....____ 
Inversion  Conditions ._....._._____.. 

42 
57 91 95 
45 81 83 

74 

-1 

**Only two R ~ o b ' s  per day (0600 and 1800 CST) a t  Little Rock. 

Richmdson  number  that will predict  the  beginning of 
turbulence  in  st;tble  boundary  layers.  The  most  generally 
nccepted vdue  is 0.25 for  low levels although  values as 
low r ~ s  1/25 have  been  observed very close to  the  ground 
[3 ] .  Since Richardson  numbers from the  Weather  Bureau 
dtLttL go  below 0.25 ( t d h  2 ) ,  there W;LS probably  turbu- 
lence  in  the  inversion tts well as in  the litpse layers of the 
boundwy-ltlyer  jet  systems  described here. The  investi- 
gation [SI of low-level jets  in  north-centrd Texas, men- 
tioned  earlier,  gave  much  higher Richtwdson numbers for 
inversion  conditions  but for t8he hpse  condition  lnte ttt 
night [SI provided  numbers  very close to  those  for  the 
Weather Buretxu hpse condition. 

4. TIME  VARIATION OF VECTOR  WIND  RELATED  TO 
THE  GEOSTROPHIC  WIND 

The boundary-lztyer wind  undergoes  diurna,l  speed and 
directional  rari;ttions as a, result of the diurnal  variation 
of frictional  coupling of the wind  with  the  ground.  The 
I'orces involved zwe shown  in equmtion (2). 

F I G U R E  'i."Schcmatic rcprcSent:Ltion of thc cfcct  of the  incrtial 
oscillation on  the mal wind in the  boundary  layer. V is the 
rotating acceleration vcctor and V' is t.hc geostrophic departurc 
vcctor.  Typical alignrncnts of tllc real \vincl vcctor at 1800 LST 

and 0000 LST arc shown. 
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FIGURE 8.--Timc variation of real  vector wiud averaged at 315, 513, and 706 111. elevation and the  coincident  variation of the sea level 
vector  geostrophic  wind for April 22-23, May 28, and May 30, respectively. 

During a part of the  afternoon  the  terms on the  right are 
in quasibnlance, and  the  boundary-lnyer  wind does not 
accelerate.  When  lriction  decreases  in  the  late  afternoon 
and  evening,  the  terms of the  equation become unbalanced 
and  the  real wind  accelerates  in a direction  shown by 
the  vector V in  figure 7. I t  then Inay undergo  an  iner- 
tial oscillation with a  period of about one day  and  the 
real  wind  nlay  become  supergeostrophic some time dur- 
ing  the  night.  The process is treated  theoretically  by 
Blackadar [l] and  Buajitti  and  Blmkadttr [4]. 

Vector  winds  from  the  Weather  Bureau  research  pibal 
line  were averaged a t  315, 513, and 706 111. above  the 
ground  for  each  observational  period  and  plotted  on  polar 
diagrams  serially  in  time.  Figure S shows the  fairly reg- 
ular clockwise  oscillations of the  real  wind  which  occurred 
in  approximately  the  inertial  period.  That  such  regular 
oscillations appear  in single  cases, as opposed to  averaged 
cases,  seems rather  remarkable.  Shown also are the 
coincident  variations of the sea level  geostrophic  wind. 
Note  that  linear acceleration  predon1inth.d from early 
afternoon  until 2000 to  2200 C S T  on  April 22 (fig. Sa) 
and  May 30 (fig. Sc), and  predominantly clockwise 
turning of the wind  vectors  occurred fro111 then  until 
about 0400 C S T .  Smith  and Wolf [SI suggest that  this 
modification of the  inertial oscillation is caused by  the 
release of friction  late  in  the  afternoon, as convective 
turbulence  subsides,  and  later  by  the  beginning of internal 
turbulence  friction  about 2000 t o  2200 CST when  critical 
shear  in  the  boundary  layer is reached.  As  soon as the 
internal  turbulent friction halts  the  linear  acceleration, 
and  provided  the  real wind is supergeostrophic, the 
relatively  brge Coriolis  force of t he   r ed  wind  dominates 
the pressure  gradient force and  turns  the real wind to  
the  right and eventually  upgradient. The typical  varia- 

FIGURE 9.-Schcmatic time  variation of 470-m. wind  for  the region 
south of Fort  Worth, Tex. Nurnbcrs at  data  points  are  time 
(CST). (From  Smith  and Wolf [SI). 

tion of t he   r ed  wind  found  in  the Tescts study [SI is shown 
in figure 9. 

A prelilninnry  comparison of the observed  vector  wind 
changes ol' figure S, to  the  vector changes  computed from 

using the  Weather  Bureau  data shows that  the observed 
wind  usually  did  not  change in the  exact  direction  and 
magnitude  indicated  by  equation (3), although  there  was 
usually a component of the  computed  change  in  the 
direction of the  real  change. A time difference of 1 hr. 
was  used. This  suggests  that  the  geostrophic  wind 
shown  here (fig. S) was not  always  the  true  geostrophic 
wind  even  though it was determined Srom a careiul 
analysis of synoptic  maps.  Deviations  between  the 
computed tmd actual wind  vector  changes were particularly 
large in  the ltlte morning  hours and at  night Srorn about 
2000 to  0400 C S T .  
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FIGURE 11.-Hodographs of boundary-layer jet mind and  thermal wind alignment for May 28, 1961. See table 4 for 811 esplnnat io~~ of 
the symbols used. Time ( c s r )  is indicated below each  hodograph. 

'Yhe reader's  attention is directed  to  the  fact  that, in 
general, the  time  derivatives .of the  real mnd geostrophic 
wind  vectors  in figure S were approximately 180' out of 
phase. 

5. LOW-LEVEL JET HODOGRAPHS  AND THE 
THERMAL  WIND 

UseI'ul information  about the verticnl structure of' a. 
vector  wind field can be had from plots ol vertical  shear 
andyzed on a. polar diegram. The  boundary-layer jet 
systen~s observed by  the  Weather  Bureau  Special Pibttl 
Line in 1961 were studed by  .this  method.  Comparisons 

TARLE 4.--Conuentions used in hodographs of f igures 10, 11, and 12 

sylll1,Ols 

S ...................... 

513 ....................... 
315 ?.. .................... 
108 1. ..................... 

Surface 

1,980 11 ..................... 
1,8W IO ..................... 
1,620 9 ...................... 
1.440 8.. .................... 
I, 260 7.. .................... 
I, 0% ....................... 

895 5.". .................. 
io6 4 ...................... 

s1 Sea  level. v 850-ml). level  on  hodograph. 

Twl Thermal wind- :ea level to  850 n t l x  

T\vg Thermal wind--850 m l ) .  to iC0 11111. 

V,, Sea  level  gecstrophic  wind. 

N North tlircction. 
V s a  850-Illb. geostrophic  wind. 
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FIGURE 12.-Hodographs of boundary-layer jet wind and thermal wind  alignmcnt for May 30, 1961. See table 4 for an explanation of 
the symbols used. Time (CST) is indicated beneath each hodograph. 

were made  between  these  jet  systems,  and  with  the 
Ekman  Spiral  and  other  theoretical  distributions [2] 
of boundary-layer  winds. 

Figures 10, 11, and 12 show  vector  shear  plots, or hodo- 
graphs,  at 2-hr. intervals, of the  averaged  winds (5  central 
stations)  for  the  three  jet  systems  considered  in  this 
paper.  Table 4 shows  the  height-  and  vector-symbol 
conventions  used  in  these  hodographs. In  the figures, 
notice  the  decrease of geostrophic  wind  speed  with  height 
a t  0600 and 1800 CST, particularly  marked  in  the  two 
May  cases. This distribution of the  geostrophic  wind in 

the  vertical  sharpens  the nose of the low-level jet.  The 
existence of the  sharp  speed  cutback  above  the  level of 
maximum  speed  after  nearly  unidirectional  speed  increase 
from  the  surface  up  to 315 m. (level 2 in  the figs.), dur- 
ing darkness, is mutually  characteristic of the  two  nocturnal 
inversion  cases  in May.  The case of April 22-23, however, 
is  quite  different.  At  the  beginning of the  period, 1600 CST, 
April 22, the  boundary-layer  wind  speed  was  very  low 
but as night  came  on,  the  speed  at  all  levels  increased 
markedly  and  the  turning to  westerly  directions at the 
higher  elevations  continued  until 0600 CST, on the 23d. 
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F ~ c u a ~  13.-Thcoret’cal boundary-laycr wind hodograph  and 
vertical  distribution of cschangc coefficient; tllcrmal wind opposed 
to  thc  surface  geostrophic JT-ind. (From  Blackadar [2].) Note 
the  similarity to  hodographs in  figurcs 11 and 12. 

The  speed  increase was consistent  with  the  increase of 
V, both t h t  sea  level and fit 850 mb.  This  observation 
had no noc tur rd  surface  invcrsion. One can  easily see 
lronl ik comparison of just  the hodogrthphs that  the case 
of April 22-23 was of a dift’erent type I’rom the  two May 
cases. 

With  certnin  assumptions,  the  theoretical  boundary- 
layer  wind  distribution  with  height  is  the  Ekman  spiral. 
The wind  distributions  studied  here  h:mlly  resemble  the 
Ekman  spiral  except  perhaps  that of Mny 2s   a t  noon. 
It was noticed,  however, that  the  nocturnal  hodographs 
of the low-level jets  for  May  2s nnc l  30 strongly  resemble 
a theoreticid  hodograph  developed by  Blackadar 121, 
in which the  tllermd wind  opposes the geostrophic  wind. 
The  theoretical  hodograph is shown  in figure 13  along 
with  the specified height  variation of eschmge coefficient. 
Note thiLt not only  is the  elemtion of the nose of Black- 
nclar’s theoretical  jet  nearly  the  same  as  the noses of the 
May 2s  and 30 jets  but  the geometric  similarity of the 
noctwna.1  llodographs to his  model  is  remarkable. A 
geostrophic  thermal  wind  vector of relatively  large  magni- 
tude (lnbeled Twl) for  the  sea  level  to S50-mb. in t e r rd  * 
in  the  two May cases, both :it 0600 :ind IS00 CST, was 
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FIGURE 14.-Theoretical boundary-layer  wind  hodograph and 
vcrtical  distribution of cschangc cocfficicnt; thcrmal  wind is 90’ 
to right of surface  geostrophic  wind.  (From  Blackadar [a] . )  
Compare u-ith  hodographs in figurc 10. 

t h o s t  directly  opposed  to  the  sea  level  geostrophic  wind 
vector  (very  much  like  the model by  Blackadar  in fig. 13) ; 
further,  the  thermal  wind  vector for the 650- to 700-mb. 
interm1 (labeled  Twz) was  likewise  opposed to  the  sea  level 
geostrophic  wind  vector.  The  opposition of the  sea 
level  geostrophic and  therrnd wind  vectors  is indiclLtive 
o f  21 warm low pressure  system  in  the  region  and  since a, 

wztrrn pressure  system  is  shdlow,  the  geostrophic  wind 
(as well as the  real  wind)  should  decrease  with  height. 
Such  was the case  for h/lt~y 2s ~ ~ n d  30, but  of course, the 
boundary-layer  real  wind was  modified by  the  “inertid 
effect”. An analysis of the ltlyer  thickness  from S50 to  
TOO tnb. along the specitd pibd  line confirmed that  indeed 
the  air was warmer  for a considerable  distance  to  the 
west of the  jet for both May ewes at   both 0600 and  lS00 
CST. The magnitudesof the  thermal  winds were estimated 
from  (see  Saucier [7]) 

4v,= (98o/f) . ( b h / d n )  (4) 

where ( b ~ z )  is the  height difference change  between 700 
and 850 mb., along the pibal  observational  line. 

The  observation of April 22-23 differed from those in 
hilay in  the upper-level  wind dignment,  further emphasiz- 
ing  the difference  between  these  two types of low-level jet 
systems.  Here  the  upper-level  thermal  winds  (TwJ  were 
nearly at  right angles (instead of pardlel)  to  the sea  level 
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geostrophic  wind,  and  the low-level thermal  wind  vectors 
were quite  small.  After lS00 CST, April 2 2 ,  when the 
boundary-layer  wind  increased  in  speed,  the  speed  maxi- 
mum  at  about 400 m. (between  levels 2 and 3) veered and 
the  hodograph  pattern  elongated  to  the  east.  This de- 
velopment  was  compatible  with  the  alignment of the 
upper-level  thermal  wind  during  the  period  and was very 
much  like  Blackadar’s [2] theoretical  boundary-layer 
hodograph  in figure 14 with a thermal  wind at  right angles 
to  t,he sea  level  geostrophic  wind. 

The analysis of these  hodographs  suggests that  if an 
adverse  thermal  wind  exists at   about lSO0 CST along  with 
southerly low-level flow, and if the  adverse  thermal wind 
can  be forecast to persist  during  the following hours of 
darkness,  the  boundary-layer  jet  system (speed maximum 
at  about 300 m.  above  the  ground),  similar  to  that  found 
in  the h4ay  cases, can  be  expected  to  occur  that  night. 
As nlentioned  earlier,  the  occurrence of the  surface 
nocturnal  inversion allows greatly  increased low-level 
vertical  shear  which  favors a higher jet  speed  for a  given 
initial  sea level pressure  gradient. 

6. CONCLUDING REMARKS 

The  boundary-layer  wind  jet  generally  appears  to 
operate  wit,hin  certain  simplified  physical  principles of 
meteorology.  An  exception (at  least  in  this  study) is its 
relationship  with  the  geostrophic  wind. 

The meteorological  variables  that  particularly  favor 
the  very low-level and  sharp  jet  appear to  be  the  opposing 
thermal  wind  vector  and  the  nocturnal  inversion,  the 
latter following an  afternoon of strong  insolation. 

Time-variations of the  boundary-layer  jet  systems  ob- 
served  by  the special  Weather  Bureau  jet  research  net- 
work  show  similarities  with  two  other  serially-observed 
jet  systems.  Quantitative differences  were not  readily 
comparable  because  pressure  gradient  data  for  the  other 
jet  systems were not  provided.  Theoretical  hodographs 
of boundary-layer  winds  with  opposing  and  lateral 
thermal  wind  vectors  developed by  Blackadar [ 2 ]  are 
strikingly  similar  to  the T;T’eather Bureau  jet  hodographs 
also having  opposing  and  lateral  thermal  wind vect.ors. 

Richardson  numbers  found  in  the  shear  layer below the 
jet  nose  for  the  time of jet  speed  maxima  were  generally 
less than 0 . 2 5 ,  which  is the usually  accepted  critical 
value  for  the  beginning of mild  turbulence  in  the  jet  region. 

The following  meteorological  c,onditions  were extant 
[5]  in  the  jet region  during  the  period of the  three  jets 
examined  in  this  study  and  since  they  are  physically con- 
sistent  with  the  formation of the  jet  they  are considered 
optimal  for  its  appearance.  They  are: (1) steady  south- 
erly wind  flow; ( 2 )  cloudless night; (3) warm  low-pressure 

area  to  the  west,; (4) ft?ir ecst-to-west  sea  level  pressure 
gradient; ( 5 )  strong  afternoon  insolation  for  the  air 
flowing into  the  jet  region; (6) no intruding  fronts.  Since 
these  items  are  generally  easy  to  forecast,  interests  for 
whom  the  nocturnal  jet  might  be of annoyance  should 
not  have  to  be  without a forewarning. 

:In future  analyses  some  more  conservative  basis  than 
the  geostrophic  wind  for  determining  the  degree of non- 
pressure-gradient  acceleration of the  real  wind  should 
be  used,  since  the  real  wind  in  these  individual  cases showed 
no  simple  relationship  with  the  geostrophic  wind. It 
should  be  pointed  out  that  for  some of the  instances 
presented  here  the  large  degree of slupergeostrophic wind 
speed  was  made possible by the  rapid  decrease of the 
geostrophic  wind  speed  during  the  growth of the  jet. 
At  other  times  the  geostrophic  wind  speed  increased a t  
the  same  time  as  the  jet  and allowed only a small  degree 
of supergeostrophic  real  wind  speed.  Essentially,  the 
sea  level  geostrophic  wind  vector  appeared  to  have a 
diurnal  oscillation  somewhat  out of phase  with  the  bound- 
ary-layer-jet  wind  vector. 
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